).
tissue plasminogen activator, and (4) low levels of coagulation factors due to blood loss, hemodilution, consumption, or preoperative use of oral anticoagulants.
The need for a monitoring process of the therapeutic interventions derives from both efficacy and safety considerations. Many of the drugs used to treat massive bleeding may in fact determine prothrombotic complications. At the same time, the clinical environment (operating room, emergency room, or intensive care unit) where massive bleeding is generally identified and treated, and the urgency of treatment of a potentially life-threatening condition, make mandatory the use of point-of-care tests for monitoring the effects of the therapeutic strategies applied.
The following part of this review article will therefore address the monitoring tools available to correctly assess the efficacy of the therapeutic strategies in the clinical setting of bleeding in trauma and surgical patients.
Substitution Therapy (Nonspecific Coagulation Factors Administration)
Coagulation factors are usually administered to acutely bleeding patients through the transfusion of FFP or cryoprecipitates. PCC offer the advantage of avoiding the volume overload and the transfusion-associated adverse reactions attributed to FFP, at the expenses of a higher cost.
Whatever product is used, the administration of nonspecific coagulation factors relies on the hypothesis that the patient is bleeding due to a reduced concentration of one or more factors, usually due to blood loss or consumption. Patients under warfarin treatment may of course face severe bleeding under trauma or major surgical operation conditions, due to the drug-induced impairment in the hepatic synthesis of coagulation factors.
The classical laboratory tests measuring the coagulation factors activity include the prothrombin time (PT) and the derived international normalized ratio (INR). However, they are usually applied to test chronic anticoagulation with warfarin, or the reversal of warfarin treatment with PCC, rather than to diagnose the nature of an acute bleeding. The ideal laboratory test to assess the ability of the patient to generate thrombin, and therefore the adequacy of the coagulation factors concentration to achieve a correct hemostasis, is the thrombin generation test (TGT). TGT is based on chromogenic thrombin detection in a plasma assay where specific triggers (tissue factor) are added. From the resulting thrombin generation curve (►Fig. 1), the parameters of TGT are derived: lag-time, peak height, time to peak, and the area under curve (AUC) (endogenous thrombin potential, ETP). The TGT provides a valuable information in case of inherited or acquired coagulation factors deficiency; it can be used to assess the effects of replacement therapy in inherited coagulation factors deficiency; to assess the reversal of warfarininduced coagulation factors deficiency with PCC or FFP/ cryoprecipitates, and even to measure the effects of heparin treatment and the efficacy of heparin reversal.
1-4 Theoretically, it is the ideal test to diagnose the nature of a bleeding due to lack of coagulation factors, and to monitor the efficacy of the coagulation factors replenishment. Unfortunately, it is not a routine test available in all the hospital clinical laboratories, and requires time. Therefore, its utility is limited in the setting of trauma patients or major surgical operations. Whenever a rapid test for the activity of coagulation factors is required, useful information may derive from the analysis of the viscoelastic properties of the clot. This can be achieved using the point-of-care tests thromboelastography (TEG, Haemoscope Corp., Niles, IL) or thromboelastometry (ROTEM, Pentapharm GmbH, Munich, Germany). Both tests use whole blood, activated with kaolin (TEG) or intrinsic (InTEM) or extrinsic (ExTEM) pathway activators for ROTEM. The resulting tracings (►Fig. 2) provide some parameters related to the viscoelastic properties of the clot. Coagulation factors activity is defined by the reaction time (R) in the TEG or the clot time (CT) in the ROTEM. In both cases, these times represent the lag between the start of the test and the first appearance of a physically detectable clot, and therefore reflect the time to fibrin generation and the coagulation factors activity.
R and CT are prolonged in case of inherited as well as acquired coagulation factors deficiencies. A normalization of these parameters after FFP, cryoprecipitates, and PCC is indicative for a reestablished adequate coagulation factors activity. TEG-or ROTEM-guided diagnostic and therapeutic approaches have been successfully applied in cardiac surgery, 5-7 liver surgery and transplantation, 8 and trauma patients with massive bleeding.
9-13
An adequate correction of coagulation factors deficiencies does not only induce the normalization of the time to fibrin generation, but even an increase of the clot strength. This is defined as the maximum amplitude (MA) in the TEG or the maximum clot firmness (MCF) in the ROTEM (►Fig. 2). However, it should be considered that both the MA and the MCF reflect the interaction between fibrin and platelets in determining the clot strength. Therefore, even an adequate coagulation factors activity may result in poor clot strength in case of low platelet count or function. In these cases, the R and CT are normalized after correction with FFP, cryoprecipitates, or PCC, but the MA and MCF remain low. Adequate and more specific tests for determining the contribution of fibrin and platelets to the clot strength are available and will be addressed in the following parts of this article.
Fibrinogen
The use of fibrinogen for the treatment of bleeding in trauma or surgical settings has been recently reevaluated.
14-16 Fibrinogen levels may be abnormally low in case of consumption due to massive bleeding, or as a consequence of prolonged CPB in cardiac surgery. 17, 18 Measurement of fibrinogen concentration may be useful for the diagnosis of bleeding due to a low fibrinogen level. Standard laboratory methods are generally based on photo-optical measurements and Clauss method. However, this measurement suffers from a wide between-laboratory variability.
19
Both the TEG and the ROTEM provide point-of-care testing of the fibrinogen adequacy to contribute to the clot strength. The MA and the MCF are parameters related to the clot strength, and therefore depend on both the fibrinogen and platelet contribution. To separate the platelet contribution, different platelet inhibitors may be used. In these tests (functional fibrinogen for the TEG or FibTEM for the ROTEM) platelets are inhibited with abciximab or cytochalasin D, respectively. By comparing the MA or MCF at the standard TEG/ROTEM with the correspondent values after platelet inhibition (►Fig. 3), the contribution of fibrinogen to the total clot strength may be assessed.
17,20,21
Both TEG and ROTEM measurements of fibrinogen activity have been widely used for monitoring fibrinogen replenishment in the setting of massive bleeding due to trauma and surgery.
14-18,20 FibTEM MCF correlates with direct measurements of fibrinogen concentration before fibrinogen administration; but after fibrinogen administration the correlation is considerably worse. 22 At present there is not yet a gold standard for point-of-care measurement of fibrinogen and reference values for establishing a fibrinogen-based treatment are still debated. Moreover, some authors have highlighted that both abciximab and cytochalasin D may not completely blunt the platelet-specific effect on MA or MCF, 23 therefore raising doubts on the reliability of the measurement of the relative fibrinogen contribution to the clot strength.
rFVIIa rFVIIa treatment in patients with massive bleeding is a wellrecognized life-saving strategy, which finds its usual scenario in trauma, major orthopedic or urologic operations, liver resection or transplantation, and major cardiac operations. [24] [25] [26] [27] [28] [29] A recent meta-analysis demonstrated its efficacy in different surgical scenarios at a dose of at least 50 µg/kg.
30
rFVIIa treatment is, however, associated with the risk of thromboembolic complications. 31,32 rFVIIa promotes a thrombin burst, and therefore its effects may be measured using direct or indirect markers of thrombin generation. Within this domain, the standard PT and INR are normalized after rFVIIa administration. TGT is very sensitive to the action of rFVIIa, 33 but as already observed it is not a routine test in acutely bleeding patients. Both TEG and ROTEM are sensitive to rFVIIa administration, usually demonstrating a dose-dependent decrease of the R and CT, and a correspondent increase of the MA and MCF. However, this response seems much more evident when rFVIIa is used to treat patients with inherited coagulation factors defects 34-37 than in patients with acquired defects. A study performed in the setting of cardiac surgery demonstrated that after rFVIIa administration in patients with severe, refractory postoperative bleeding, the TEG parameters did not significantly change before and after treatment both in responders and nonresponders.
38
Conversely, pretreatment TEG parameters were closer to the normal values in the responders than in the nonresponders. This information introduces a very important concept for rFVIIa treatment: rFVIIa induces a thrombin burst, which in turn triggers fibrin formation and fibrin-platelet interaction, 40 and that the administration of rFXIII induces an increased clot firmness with increased MCF and reduced clot formation time.
41
Therefore, it is reasonable to consider that clot firmnessrelated parameters of TEG and ROTEM may be useful for guiding and monitoring the treatment with rFXIII.
Protamine Reversal of Heparin
After cardiac operations with or without CPB, an incomplete reversal of heparin may result in post-CPB bleeding. However, even a protamine sulfate overdose may inhibit the coagulation system. 42, 43 The usual laboratory test to measure the heparin effect are the activated partial thromboplastin time, or the anti-Xa activity. Both tests are impractical under emergency conditions and whenever a rapid answer is required. Point-of-care monitoring tools for assessing the correct heparin reversal include the standard activated clotting time (ACT), indirect heparin monitoring systems (HMS, Medtronic Inc., Minneapolis, MN, and others), TEG, and ROTEM. The standard ACT is the most commonly used. Unfortunately, there is a big deal of evidence that the correlation between ACT and heparin concentration is poor. [44] [45] [46] Therefore, an ACT value back to the preoperative is not per se a guarantee that heparin has been totally reversed. The heparin monitoring systems provide more reliable information as they are based on an in vitro test of different protamine concentrations, allowing a precise determination of the protamine dose required for a complete heparin reversal, and avoiding a protamine overdose. Some studies have highlighted that the use of this device to assess the protamine dose leads to the administration of less protamine than the conventional dose based on a fixed ratio between heparin and protamine dose.
47,48
TEG and TEM are not designed to identify the correct protamine dose, but provide useful information with respect to the presence of residual circulating heparin after protamine reversal in a bleeding patient. The time from the beginning of the test until the initial fibrin generation (R in the TEG or CT in the TEM) may be tested in whole blood with or without heparinase. The presence of a shorter R or CT in the blood tested with heparinase is suggestive for an incomplete heparin reversal (►Fig. 4) , and this concept has been incorporated in different algorithms for the treatment of a postcardiac surgery bleeding patient.
49-53

Platelet Transfusions
Platelet concentrates may be used for the treatment of bleeding in trauma or major surgery, whenever the bleeding mechanism is likely to be related to severe thrombocytopenia or platelet dysfunction. Even if there is no evidence-based information, platelet transfusions may be indicated in bleeding surgical patients when the platelet count is less than 50,000/µL. [54] [55] [56] This therapeutic approach, based on the platelet count, is difficult to monitor, even because the most commonly used point-of-care tests for platelet function in whole blood are impaired in case of thrombocytopenia. However, platelet transfusions may be necessary even in patients with acquired platelet dysfunction. In patients under thienopyridine treatment, or after CPB, despite a normal or moderately decreased platelet count, the platelet aggregability is impaired, and severe bleeding may occur. 54, 57 As thienopyridine inhibition of the P2Y12 platelet receptor is irreversible, platelet transfusions may be needed to provide new and relatively intact platelets for the hemostatic process. The standard laboratory method to measure platelet aggregability is the light transmission aggregometry. 58 This test is usually applied in inherited or acquired bleeding disorders, and to assess the effects of antiplatelet drugs. The test is performed on platelet-rich and platelet-poor plasma, and therefore requires time and resources. For this reason, it has no role in the diagnosis of acute bleeding in trauma and surgical patients. In this subset of patients, platelet function tests may provide (1) an assessment of the preoperative level of platelet aggregability and (2) a monitoring tool for assessing the efficacy of platelet transfusions in restoring an acceptable global platelet function.
Conventionally, platelet function has been assessed with the bleeding time. However, the bleeding time does not identify patients that are likely to bleed excessively after surgery, and does not identify those patients who have recently assumed antiplatelet agents.
59
The PFA-100 (Siemens Healthcare Diagnostics Inc., Deerfield, IL) measures a closure time for the platelets to occlude a micropore in a membrane, after stimulation with collagenepinephrine (for testing aspirin effects) or adenosine diphosphate (ADP; for testing thienopyridine effects). The closure time is prolonged in patients under antiplatelet agents (unless they are resistant to aspirin or thienopyridines) 60, 61 ; platelet dysfunction after CPB may be detected as well, and some authors suggest that PFA-100 may identify patients who will benefit from platelet transfusion after cardiac surgery.
62
Multielectrode aggregometry (MEA) is achieved with the Multiplate (Dynabyte, Munich, Germany). This device measures the time-dependent changes of electrical impedance between two electric filaments, using whole blood previously anticoagulated with hirudin, and after stimulation with specific agonists (arachidonic acid, Aspi test; ADP, ADP test; thrombin receptor-activating peptide, TRAP test). The platelet aggregometric properties are expressed in terms of AUC obtained by plotting electrical impedance versus time (►Fig. 5). MEA is sensitive to the action of aspirin, thienopyridines, and glycoprotein (GP) IIb-IIIa inhibitors, 63, 64 and the AUC value at the ADP test in patients receiving thienopyridines before cardiac operations correlates with postoperative bleeding and need for platelet transfusions.
65
Other available point-of-care platelet function analyzers include the Ultegra (Accumetrics, San Diego, CA), the Plateletworks (Helena Laboratories, Beaumont, TX), and other instruments which provide a measurement of platelet aggregability under different conditions, basically exploring drug-induced platelet dysfunction.
TEG, but not ROTEM, may be used to assess platelet function, through the modified technique of platelet mapping (PM). In both TEG and ROTEM, the parameters MA and MCF reflect the clot strength derived from fibrinogen and platelet interaction. However, standard TEG is unable to detect aspirin or thienopyridine-induced platelet dysfunction, because of the kaolin activation of whole blood. Kaolin determines a thrombin burst, and thrombin is one of the most powerful platelet activators. Thrombin-induced platelet aggregation is determined by the activation of the protease-activated receptors (PAR) 1 (high affinity) and 4 (low affinity). PAR activation actually bypasses both thromboxane and ADPdependent receptors, therefore exerting a maximal platelet aggregation even in presence of aspirin and/or thienopyridines. Under these conditions, and despite drug-induced platelet inhibition, the MA tract is normal.
To overcome this problem, TEG-PM applies a complex diagnostic pathway, which is based on the following steps 1 :
determination of the maximal clot strength (MA) with standard kaolin activation 2 ; determination of pure fibrin-based clot strength (MA) using heparin to block thrombin and a novel activator (FXIIIa plus reptilase), where reptilase cleaves fibrinogen releasing fibrinopeptide A and generating fibrin (without activating platelets); 3 and determination of the contribution of activated platelets (MA) using heparin, novel activator, plus arachidonic acid (for testing aspirin inhibition) or ADP (for testing thienopyridines inhibition). Drug-derived platelet inhibition is calculated as the ratio between MA obtained at step 3 divided by the difference between MA at step 1 and MA at step 2 (►Fig. 6). TEG-PM is validated as a tool for measuring the effects of antiplatelet agents, 66, 67 and for identifying patients at risk for postoperative bleeding in cardiac surgery. 68 Although there is not a strong validation of this concept, it is reasonable that platelet function point-of-care tests may be useful in identifying patients at risk for severe bleeding and who will benefit from platelet concentrate transfusions. Their role in assessing the efficacy of platelet concentrates transfusions has not yet been fully established.
Desmopressin (DDAVP) for the Treatment of Platelet Dysfunction
DDAVP induces release of large multimers of von Willebrand factor, which promotes platelet adhesion to the vessel wall, and indirectly, platelet aggregation. Although its use is still a matter of debate, this treatment gained new attention in the present era characterized by the extensive use of strong antiplatelet agents (ticlopidine, clopidogrel, and prasugrel) for the prevention of native coronary vessels and/or coronary stent thrombosis in patients with coronary artery disease. The efficacy of DDVAP treatment in enhancing platelet function may be assessed with many different point-of-care tests dedicated to platelet function assessment.
Different studies have highlighted that after DDVAP treatment (0.3 µg/kg) the closure time at the PFA-100 is significantly reduced. 69, 70 Being based on the shear-stress induced platelet adhesion to a foreign surface, this test is probably the most sensitive to assess the effects of DDAVP treatment.
Recently, one study 71 demonstrated that MEA is effective in assessing DDAVP-induced enhancement of platelet function in the setting of CPB-induced platelet dysfunction. Aspi test, ADP test, and TRAP test all demonstrated a significant increase in the AUC after DDAVP administration. Less information is available for other platelet function point-of-care tests as monitoring tools for DDAVP therapy. As previously explained, conventional TEG or TEM have limited ability in detecting platelet function under conditions of pharmacological inhibition or stimulation. However, the modified TEG-PM may be used to assess the efficacy of desmopressin in patients pretreated with clopidogrel, 72 but limited evidence is available.
Antifibrinolytics
Hyperfibrinolysis occurs when the balance between fibrinolytic activators and inhibitors is altered. 73 Bleeding due to hyperfibrinolysis may be found in chronic liver disease, liver surgery, trauma, and cardiac surgery. [74] [75] [76] However, every clinical condition characterized by increased thrombin generation may trigger hyperfibrinolysis. Different antifibrinolytic drugs have been used to prevent or control bleeding when hyperfibrinolysis is suspected. Aprotinin was a first-line choice especially in cardiac surgery until a few years ago, 76 but is now available in the market in few countries only. Tranexamic acid (TXA) and epsilon-aminocaproic acid are synthetic antifibrinolytics presently in use, but other novel antifibrinolytics will be probably released in the near future. Diagnosing hyperfibrinolysis and monitoring antifibrinolytic therapy is a clinical challenge. Theoretically, tissue plasminogen activity is the best marker of hyperfibrinolysis, but its measurement is not a routine in clinical practice. Fibrin degradation products (usually D-dimers) are used as a quick marker of increased fibrinolytic activity; however, they are always increased in the postoperative patient, and no clear cut-off values are available.
Both TEG and ROTEM may be used as point-of-care tests for diagnosing hyperfibrinolysis and guiding antifibrinolytic treatment. 77 The assessment of fibrinolysis with the TEG is based on the time kinetic of clot destruction (LY30), as measured from the decreasing amplitude of the MA after reaching a peak value. A similar measurement is offered by the ROTEM (CLI 30 ). The ROTEM provides a more specific test for hyperfibrinolysis (APTEM). In the APTEM, the parameters obtained at the standard ExTEM are compared with the parameters obtained after in vitro inhibition of fibrinolysis using aprotinin. In trauma patients a recent study could identify cut-off values for the ExTEM and the APTEM that were predictive for hyperfibrinolysis with a specificity of 100% and a sensitivity ranging from 75 to 100%.
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The antifibrinolytic treatment of the bleeding patient suffers from a considerable lack of standardization in terms of dosage. TXA is probably the most widely used agent. In cardiac surgery, it is used as a prophylactic treatment for bleeding at a dose which may range from 2 g to more than 10 g, and the effective dose with the least adverse effects is still unknown. 78 Given this scenario of uncertainty, monitoring the antifibrinolytic treatment is probably useful to avoid under or overdosage, and TEG or ROTEM are the most useful instruments in the setting of trauma and surgical patients with massive bleeding.
73
Conclusions
Prohemostatic treatment of the bleeding patient has been empirically performed for decades. Monitoring prohemostatic treatments is certainly an attempt to provide a more rational approach to a complex matter. However, despite the possibility to measure many different parameters related to the hemostatic system (►Table 1), there is still little evidence available with respect to the ideal way of monitoring prohemostatic interventions in the setting of an acutely bleeding patient. Point-of-care tests may certainly represent an important step in the direction of a nonempiric treatment of the bleeding patient. Coagulation parameters obtained with point-of-care tests correlate well with many acquired coagulation system disturbances, however, their changes after prohemostatic treatments are not yet validated as monitoring tools for efficacy of the treatment itself.
